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Abstract 

The triple differential cross sections for the 6 Li(e,e'p) reaction have been measured 
in the excitation energy range from 27 to 46 MeV in a search for evidence of the 
giant dipole resonance (GDR) in 6 Li. The cross sections have no distinct structures 
in this energy region, and decrease smoothly with the energy transfer. Angular 
distributions are different from those expected with the GDR. Protons are emitted 
strongly in the momentum-transfer direction. The data are well reproduced by a 
DWIA calculation assuming a direct proton knockout process. 

Key words: NUCLEAR REACTIONS: 6 Li(e,e'p); E = 27-46 MeV; measured 
a(E,8 e ,9p), missing energy spectra; deduced direct proton knockout process, 
DWIA analysis. 

PACS: 24.30.Cz, 24.50.+g, 25.30.Rw, 27.20.+n 



1 Introduction 

The energy and width of the giant dipole resonance (GDR) smoothly vary 
with the atomic number in medium and heavy nuclei [1] , while in light nuclei, 
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the GDR is characterized by specific features for each nucleus [2]. For lp- 
shell nuclei, some theoretical studies predict that the presence of the cluster 
structure causes supermultiplet splitting of the GDR [2]. For 6 Li, Kurdyumov 
et al. [3] predicted by a translation invariant shell model calculation that the 
GDR splits into three multiplets with excitation energies of 10-12 MeV, 16-25 
MeV and 31-35 MeV. According to their calculation, the state with the lowest 
excitation energy decays by proton or neutron emission leaving the residual 
nuclei, 5 He or 5 Li, at the lowest 3/2~ and l/2~ states. The state at 16-25 MeV 
decays through 3 H emission in addition to the one-nucleon decay to the lowest 
states of the residual nuclei. The state at 31-35 MeV predominantly decays 
into the 3/2 + state of the residual nuclei by emitting a proton or a neutron, 
whereas the decay into the lowest 3/2~ and l/2~ states is forbidden because 
of spatial symmetry [3,4]. 

The experimental situation, however, is still unsettled. Using the yield-curve 
method, Denisov et al. [5] measured the photoproduction cross sections of 
charged particles for 6 Li in the photon energy E 1 region up to 55 MeV, and 
obtained the total photodisintegration cross section. Although the cross sec- 
tion was obtained from rather small number of data points, they claimed that 
three distinct peaks with a width about 5 MeV at about 11 MeV, 21 MeV 
and 30 MeV were observed This result was consistent with the theoretical 
prediction. However, no later experiment has confirmed the presence of the 
GDR in 6 Li with such structures up to 30 MeV [6-8]. 

In order to discuss the presence of the GDR excitation and its decay properties 
in 6 Li, we have measured the 6 Li(e,e'p) reaction cross sections for specific final 
states in the energy transfer region u = 27-46 MeV, covering a sufficiently 
high-energy region where the highest component of the GDR is predicted. In 
the case of (e,e'p) reaction on heavier nuclei such as 12 C and 40 Ca [9,10], the 
GDR states are clearly observed as peaks in the cross sections at the same 
resonance energies observed in the photoreactions. The angular distributions 
for decay protons have the dipole characteristics, i.e. protons are strongly 
emitted to both the parallel and anti-parallel directions to the momentum 
transfer ( q ). 

In the high u and | q | region, where the contribution from the giant resonances 
is small, the (e,e'p) reactions are well understood as the direct knockout pro- 
cess, and a distorted wave impulse approximation (DWIA) gives a good de- 
scription of the reaction [11]. In this case, protons are strongly emitted to 
the momentum transfer direction reflecting the momentum distribution of the 
proton in the ground state of the target nuclei. 

It is expected that the contributions of the different reaction processes are 
identified by the angular distribution and its uj and | q \ dependence. Therefore, 
we have measured the angular distribution of emitted protons at two different 
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Fig. 1. Definition of the polar angle 9 p and azimuthal angle <j) p of proton momentum 
p with respect to the momentum transfer q. The incident- and scattered-electron 
momenta are represented by k\ and fcf. 

electron scattering angles: (1) 9 C = 26° where the momentum transfer | q | is 
60-67 MeV/c, and (2) 6 e = 42° where | q [=90 MeV/c. 



2 Experimental Setup 

Figure 1 shows the kinematics of the (e,e'p) reaction and the definition of 
reaction angles. Energies of incident and scattered electrons are E\ and Ef, 
and 8 e denotes the scattered electron angle. The incident and scattered elec- 
trons define the scattering plane. An energy uo = E[ — Ef and a momentum 
q = h x — hi are transferred to the target nuclei. The direction of an emitted 
proton is defined by a polar angle 9 p and an azimuthal angle P relative to 
the momentum transfer vector q. 

The experiment was carried out by using a 134 MeV continuous electron beam 
from the pulse stretcher ring, SSTR [12] at the Laboratory of Nuclear Science, 
Tohoku University. The beam intensity was in the range of 150-300 nA. The 
experimental setup is described in detail in a previous paper [13]. 

We used a 95% enriched, 6 mg/cm 2 -thick 6 Li target. Oxygen contamination in 
the target was estimated from the elastic peak to be less than 0.1%. Scattered 
electrons were momentum-analyzed in a double-focusing magnetic spectrom- 
eter [14] having a solid angle of 2.9 msr, and detected in two layers of plastic 
scintillators and a vertical drift chamber (VDC) located in the focal plane. 
A typical momentum resolution was about 0.2% at 100 MeV/c. The electron 
spectrometer was set at 9 C = 26° for 27 MeV< u <46 MeV, and at 9 C = 42° 
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for 34 MeV< uo <39 MeV. 



Protons were measured with detector telescopes, each consisting of one 50 /im- 
thick and 2 or 3 layers of 1 mm or 2 mm-thick silicon surface barrier detectors 
(SSD) with a sensitive area of 300 mm 2 . These telescopes were located at 
12-18 cm from the target in every 30° step. They covered the angular range 
0° < P < 180° for two planes having P = —45° and —135°. In order to 
reduce background, the detectors were shielded by lead. A pair of permanent 
magnets in front of each telescope removed low energy electrons emitted from 
the target. The acceptance solid angle of the telescope was defined by an 
iron collimator 2 mm in thickness, with an opening of 15 mm in diameter. 
The number of incident electrons was assessed by using a secondary emission 
monitor placed downstream of the target. 



3 Data Reconstruction 



Charged particles reaching at least the second layer of the SSD stack were used 
for the analysis. Particles stopped in the second layer were identified by plot- 
ting the energy deposited in the first layer (AE) against the energy deposited 
in the second layer (E), as shown in Fig. 2(a). Protons were distinguished from 
heavier particles such as deuterons and tritons using a particle-identification 
function defined by 

f IF) - M-^E) m 



where s p (E) and s t (E) are the calculated energy deposits at the first layer for 
a proton and a triton having the energy deposit E at the second layer. The 
cut point of /pi is shown as a curve in Fig. 2(a). Under this cut condition, typ- 
ically 99% of protons stopping in the second layer was accepted and a typical 
background rate due to misidentified deuterons was 3%, slightly depending 
on the detector angle and the kinematical conditions. As seen in Fig. 2(a), 
particles with a small energy deposit in the first and second layer were clearly 
removed as background events due to electrons. Background electrons which 
reached the third layer were excluded from the plots due to their smaller en- 
ergy deposit in the first and second layers. Particles which reached the third 
layer are dominated by protons. In this proton was clearly identified 

by using energies deposited in the second and third layer (Fig. 2(b)). 

The kinetic energy of emitted charged particles from the target was determined 
by summing the energy deposited in the stack of SSD layers. For particles 
which did not stop in the stack, the kinetic energy was estimated from the 
dE/dx measurements, assuming such particles to be protons. The recoil energy 



4 



> 8 



CD 



LU 

< 

i 

CD 
>. 

cd 



7 
6 
5 
4 
3 
2 
1 




= 

— 




(a) 


= 3 Hc > v 
























P > 












C > iy; 






4 I I I I 


I I I I 


ii 



5 10 15 
2nd. layer, E(MeV) 



> 18 

CD 

2 16 

LU 

- 14 

CD 

>. 

JS 12 



C 
CM 



10 

8 
6 
4 
2 




(b) 



5 10 15 20 
3rd. layer, E(MeV) 



Fig. 2. Pulse height distributions for two layers of the SSD stack for particles stop- 
ping in (a) the second layer, and (b) in the third layer. 

E R of the residual system was deduced from the measured momenta of the 
electron and proton. Then the missing-energy E m is calculated as 

E m = u-E p -E R , (2) 



where E p is the kinetic energy of the emitted proton. The final state of the re- 
action is denned by this E m . A triple differential cross sections d 3 a / dujdfI c dQ p 
corresponding to specific final states were obtained by integrating proton yield 
over a certain range of E m . The normalization of the cross section was made 
from elastic scattering by comparing the data with that of reference [15]. 

In general, the (e,e'p) reaction cross section is decomposed into four terms [16]; 

d 3 a 



dudfi e dQ v 



0"L + 0T + 0"LT cos p + eT TT COS 20 p , (3) 



where <tl and <7t are longitudinal and transverse terms, and the <tlt and <ttt 
are longitudinal-transverse and transverse-transverse interference terms, re- 
spectively. In the present experiment, protons were measured at P = —45°, —135°. 
Therefore, the o"tt cos 20 p term is always zero. The o"lt cos p term contributes 
with opposite signs to the the cross sections at P = —45° and —135°, and 
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Fig. 3. Missing-energy spectrum for 6 Li(e,e'p) reaction. 

does not contribute to a total cross section. In the analysis, the data were 
fitted with a linear combination of Legendre polynomials 

r/3_ / m n \ 

A l + ^a^cosflp) +cos0 p £& j P/(cos0 p ) . (4) 



dcudf2 e df2 p , i=1 j=1 



The first and second terms in the equation (4) correspond to ctl + °t terms, 
and the third term corresponds to the cr LT cos <p p term [16]. A least x 2 fitting 
was carried out under the constraint that a triple differential cross section 
is not negative. The maximum order of fitting polynomials m and n were 
terminated when the x 2 P er the number of degrees of freedom (x 2 /NDF) did 
not decrease with a larger value of m or n. 

By integrating a triple differential cross section d 3 cr/dudf2 e df2 p over proton 
emission angles, the double differential cross section d 2 a / duidQ e was obtained 

as 

(J1 ° 4^. (5) 



duodQ c 



4 Results and Discussions 



Figure 3 shows an example of a missing-energy spectrum. Considering the 
level structure of 5 He [17], the peak at E m = 4.6 MeV corresponds to the 
two-body breakup into proton and 5 He (g.s., J n = 3/2 _ ). A 5 He nuclei is an 
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unstable nuclei, which has a ground state as a resonance with r = 600 keV at 
0.89 MeV above the a + n threshold. The peak at E m = 21 A MeV corresponds 
to an excited state of 5 He with J n = 3/2 + at 60 keV above the d + t threshold 
with a width of 60 keV. Events of three body breakup reaction, 6 Li— > a+n+p 
appear in the E m region from 4.6 to 21.4 MeV. In the region of E m > 21 MeV, 
6 Li^ p+d+t process contribute to the reaction. The reaction cross sections 
were obtained by integrating (e,e'p) yields over the following three E m regions. 

Region- 1: 2 < E m < 8 MeV, 

Region-2: 8 < E m < 20 MeV, 

Region-3: 20 < E m < 23 MeV. 

For each E m region, the measured triple differential cross sections for the 
6 Li(e,e'p) reaction are listed in Tables 1, 2 and 3. 

By using Eq. (5), the double differential 6 Li(e,e'p) cross sections were obtained 
from fitting of the triple differential cross sections with a function (4). The 
results of the fitting are listed in Table 4. For every E m region, the double 
differential 6 Li(e,e'p) cross sections smoothly decrease with u, as shown in 
Fig. 4. 

In Fig. 4(c), data points for uj < 30 MeV do not exist since integration of the 
triple differential cross section over 9 P was not possible because of the detection 
threshold for protons. However, cross sections at forward angles which are 
listed in the Table 3, also show a smooth oo dependence for u < 30 MeV. 
No distinct structure of the GDR is observed. Such smooth u dependence is 
similar to the photoreaction cross section for E 1 < 30 MeV measured with 
monochromatic photons [6-8], and contrasts with the (e,e'p) reactions for 
heavier nuclei [9,10] in the GDR energy regions, where an uj dependence of 
the peak of the GDR was observed. A theoretical prediction of the GDR states 
which decay into the 3/2 + state of 5 He at E m = 21 MeV is shown in Fig. 4(d). 

The angular distributions for each E m regions are shown in Figs. 5, 6, and 7. 
Results of the fitting with function (4) are displayed by dashed curves. 
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Table 1 

The triple differential 6 Li(e,e'p) cross section for E m region-1 (2 < E m < 8 MeV), in units of nb/MeV sr 2 . Cross sections displayed with 
"<" sign are Poisson upper limits at a 68% confidence level, where no event was observed. 



6» e and u (MeV) 







26° 


26° 


26° 


26° 


26° 


26° 


26° 


26° 


26° 


42° 


42° 






27.2-28.4 


28.4-29.5 


29.5-30.6 


30.6-31.8 


31.8-32.9 


31.7-35.0 


35.0-37.2 


36.6-41.5 


41.7-46.6 


34.0-36.6 


36.6-39.1 




-) 


15.9 ± 2.1 


17.0 ± 2.2 


12.0 ± 1.8 


12.5 ± 1.7 


8.3 ± 1.5 


9.2 ± 0.8 


7.2 ± 0.8 


3.2 ± 0.4 


1.5 ± 0.3 


4.6 ± 0.6 


3.5 ± 0.5 


(15° - 


-135°) 












9.5 ± 1.1 


7.3 ± 1.2 










(30° - 


-135°) 


15.2 ± 2.1 


13.5 ± 2.1 


13.2 ± 2.1 


9.0 ± 1.6 


8.0 ± 1.5 


8.2 ± 0.8 


7.8 ± 1.0 


0.5 ± 0.2 


1.0 ± 0.3 


2.1 ± 0.5 


1.8 ± 0.5 


(45° - 


-135°) 












5.3 ± 0.8 


4.2 ± 0.9 










(60° - 


-135°) 


9.1 ± 1.7 


4.7 ± 1.3 


6.7 ± 1.5 


3.2 ± 1.0 


4.2 ± 1.1 


2.2 ± 0.4 


1.2 ± 0.4 


0.6 ± 0.2 


0.6 ± 0.2 


0.7 ± 0.3 


0.5 ± 0.3 


(75° - 


-135°) 












1.3 ± 0.5 


1.0 ± 0.5 










(90° - 


-135°) 


1.1 ± 0.6 


1.5 ± 0.7 


1.1 ± 0.6 


0.7 ± 0.4 


0.5 ± 0.4 


0.8 ± 0.3 


0.6 ± 0.3 


0.4 ± 0.2 




0.2 ± 0.2 


< 0.32 


(120° - 


-135°) 


0.2 ± 0.2 


0.2 ± 0.2 


< 0.39 


< 0.33 


0.2 ± 0.2 


0.3 ± 0.3 


0.4 ± 0.3 


0.4 ± 0.2 




< 0.33 


< 0.35 


(150° - 


-135°) 












0.2 ± 0.2 


0.6 ± 0.4 


0.1 ± 0.1 




0.2 ± 0.2 


< 0.32 


(180 c 


' -) 


0.2 ± 0.2 


0.2 ± 0.2 


1.0 ± 0.4 


< 0.30 


0.18 ± 0.18 


0.1 ± 0.1 


< 0.31 


0.4 ± 0.1 




0.1 ± 0.1 


< 0.24 


(30°,- 


-45°) 


5.3 ± 1.2 


5.8 ±1.3 


1.2 ±0.6 


4.7 ± 1.1 


3.8 ±1.0 


2.2 ±0.5 


1.8 ±0.5 


1.0 ±0.3 


0.1 ±0.1 


0.1 ±0.1 


0.5 ±0.3 


(45°,- 


-45°) 












0.9 ±0.4 


0.7 ±0.5 










(60°,- 


-45°) 


1.0 ±0.6 


2.0 ±0.8 


1.7 ±0.8 


1.2 ±0.6 


1.2 ±0.6 


0.8 ±0.4 


0.5 ±0.3 


0.5 ±0.2 


0.2 ±0.1 


0.3 ±0.2 


0.2 ±0.2 


(75°,- 


-45°) 












0.7 ±0.4 


< 0.63 










(90°,- 


-45°) 


2.0 ±0.7 


1.9 ±0.7 


0.7 ±0.4 


1.2 ±0.5 


1.5 ±0.6 


1.7 ±0.4 


1.4 ±0.4 


0.4 ±0.1 


0.1 ±0.1 


0.4 ±0.2 


< 0.24 


(120°, 


-45°) 


1.6 ±0.6 


0.5 ±0.3 


1.3 ±0.6 


1.1 ±0.5 


0.2 ±0.2 


0.8 ±0.3 


0.1 ±0.1 


0.6 ±0.2 




< 0.29 


0.3 ±0.2 


(150°, 


-45°) 












0.6 ±0.3 


0.2 ±0.2 


0.1 ±0.1 




< 0.26 


< 0.28 



Table 2 

Same as for Table 1, but for E m region-2 (8 < E m < 20 MeV). 



9 e and u (MeV) 







26° 


26° 


26° 


26° 


26° 


26° 


26° 


26° 


26° 


42° 


42° 


(0p, 


0p) 


27.2-28.4 


28.4-29.5 


29.5-30.6 


30.6-31.8 


31.8-32.9 


31.7-35.0 


35.0-37.2 


36.6-41.5 


41.7-46.6 


34.0-36.6 


36.6-39.1 


(0°, 


") 


10.7 ± 1.7 


11.2 ± 1.8 


12.0 ± 1.8 


9.1 ± 1.4 


7.3 ±1.4 


9.3 ±0.8 


7.2 ±0.8 


4.3 ±0.4 


2.6 ±0.4 


3.1 ±0.5 


2.8 ±0.5 


(15°,- 


-135°) 


— 


— 


— 


— 


— 


6.7 ±0.9 


7.6 ±1.2 


— 


— 


— 


— 


(30°,- 


-135°) 


17.0 ±2.3 


12.6 ±2.0 


16.4 ± 2.3 


10.4 ±1.7 


10.3 ± 1.7 


7.3 ±0.8 


4.8 ±0.8 


3.3 ±0.4 


4.3 ±0.6 


2.2 ±0.5 


2.4 ±0.6 


(45°,- 


-135°) 


— 


— 


— 


— 


— 


4.3 ±0.8 


4.8 ±1.0 


— 


— 


— 


— 


(60°,- 


135°) 


5.2 ±1.3 


5.4 ± 1.4 


4.4 ± 1.2 


4.6 ±1.1 


7.5 ±1.5 


3.3 ±0.5 


2.3 ±0.5 


2.2 ±0.3 


1.4 ±0.3 


2.1 ±0.6 


0.9 ±0.4 


(75°,- 


135°) 


— 


— 


— 


— 


— 


2.7 ±0.7 


1.5 ±0.6 


— 


— 


— 


— 


(90°,- 


135°) 


1.7 ±0.7 


1.2 ±0.6 


1.7 ±0.7 


0.9 ±0.5 


1.0 ±0.5 


1.0 ±0.3 


0.5 ±0.3 


1.6 ±0.4 


— 


0.3 ±0.2 


0.4 ±0.2 


(120°,- 


-135°) 


1.3 ±0.5 


1.6 ±0.6 


0.6 ±0.4 


1.1 ±0.4 


0.2 ±0.2 


1.3 ±0.4 


0.7 ±0.3 


0.4 ±0.2 


— 


0.2 ±0.2 


0.4 ±0.3 


(150°,- 


-135°) 


— 


— 


— 


— 


— 


0.6 ±0.3 


0.9 ±0.5 


0.5 ±0.2 


— 


0.2 ±0.2 


0.2 ±0.2 


(180 c 


',-) 


3.4 ±0.8 


1.7 ±0.6 


1.8 ±0.6 


1.5 ±0.5 


1.8 ±0.6 


0.5 ±0.2 


0.9 ±0.3 


0.7 ±0.2 


— 


0.1 ±0.1 


< 0.24 


(30°,- 


-45°) 


7.6 ±1.5 


6.1 ± 1.4 


7.9 ±1.6 


5.7 ± 1.2 


4.1 ± 1.0 


3.6 ±0.6 


3.3 ±0.7 


1.1 ±0.3 


1.0 ±0.3 


1.4 ±0.4 


1.3 ±0.4 


(45°,- 


-45°) 












1.3 ±0.5 


2.0 ±0.8 










(60°,- 


-45°) 


4.2 ±1.2 


4.4 ± 1.2 


4.1 ± 1.2 


4.0 ± 1.1 


2.4 ±0.9 


0.5 ±0.3 


0.8 ±0.4 


1.2 ±0.3 


0.9 ±0.3 


0.5 ±0.3 


0.8 ±0.4 


(75°,- 


-45°) 












2.2 ±0.7 


3.1 ± 1.0 










(90°,- 


-45°) 


3.2 ±0.8 


4.5 ±1.0 


5.0 ±1.1 


0.8 ±0.4 


2.9 ±0.8 


2.0 ±0.5 


1.2 ±0.5 


1.2 ±0.3 


0.2 ±0.1 


0.5 ±0.2 


0.3 ±0.2 


(120°, 


-45°) 


2.7 ±0.8 


3.8 ± 1.0 


2.0 ±0.7 


3.4 ±0.8 


1.7 ±0.6 


1.0 ±0.3 


1.8 ±0.4 


1.0 ±0.3 




0.3 ±0.2 


< 0.31 


(150°, 


-45°) 












1.3 ±0.4 


2.6 ±0.7 


0.6 ±0.2 




1.0 ±0.4 


0.3 ±0.2 



Table 3 

Same as for Table 1, but for E m region-3 (20 < E m < 23 MeV). 



9 e and u (MeV) 







26° 


26° 


26° 


26° 


26° 


26° 


26° 


26° 


26° 


42° 


42° 


(0p, 


0p) 


27.2-28.4 


28.4-29.5 


29.5-30.6 


30.6-31.8 


31.8-32.9 


31.7-35.0 


35.0-37.2 


36.6-41.5 


41.7-46.6 


34.0-36.6 


36.6-39.1 


(0°, 


") 


8.8 ±1.6 


9.5 ±1.7 


9.0 ±1.6 


10.9 ±1.6 


6.6 ±1.3 


11.8 ±0.9 


10.7 ±1.0 


5.0 ±0.5 


3.0 ±0.4 


6.4 ±0.7 


6.5 ±0.7 


(15°,- 


-135°) 


— 


— 


— 


— 


— 


8.0 ± 1.0 


7.3 ± 1.2 


— 


— 


— 


— 


(30°,- 


-135°) 


9.3 ±1.7 


9.3 ±1.7 


9.3 ±1.7 


11.8 ±1.8 


8.8 ±1.6 


9.3 ±0.9 


7.0 ±0.9 


3.6 ±0.5 


2.2 ±0.4 


2.1 ±0.5 


2.2 ±0.5 


(45°,- 


-135°) 


— 


— 


— 


— 


— 


5.5 ±0.9 


5.4 ±1.1 


— 


— 


— 


— 


(60°,- 


135°) 


— 


3.0 ± 1.0 


3.0 ±1.0 


2.3 ±0.8 


3.9 ±1.1 


1.8 ±0.4 


1.2 ±0.4 


1.9 ±0.3 


1.1 ±0.3 


0.9 ±0.3 


0.5 ±0.3 


(75°,- 


135°) 


— 


— 


— 


— 


— 


1.1 ±0.4 


0.5 ±0.4 


— 


— 


— 


— 


(90°,- 


135°) 


— 


0.6 ±0.4 


1.1 ±0.6 


< 0.42 


1.0 ±0.5 


0.2 ±0.2 


0.5 ±0.3 


0.2 ±0.1 


— 


< 0.30 


0.2 ±0.2 


(120°,- 


-135°) 


— 


— 


0.4 ±0.3 


0.5 ±0.3 


0.4 ±0.3 


0.2 ±0.3 


< 0.51 


0.5 ±0.2 


— 


0.5 ±0.3 


< 0.35 


(150°,- 


-135°) 


— 


— 


— 


— 


— 


< 0.36 


0.6 ±0.4 


0.4 ±0.2 


— 


< 0.30 


0.2 ±0.2 


(180 c 


',-) 


— 


— 


0.8 ±0.4 


1.2 ±0.4 


0.9 ±0.4 


0.1 ±0.1 


0.6 ±0.2 


0.4 ±0.1 


— 


< 0.22 


0.1 ±0.1 


(30°,- 


-45°) 


2.3 ±0.8 


1.8 ±0.7 


4.6 ±1.2 


3.9 ± 1.0 


3.2 ±0.9 


1.2 ±0.4 


2.1 ±0.5 


1.1 ±0.3 


0.4 ±0.2 


1.0 ±0.4 


0.8 ±0.3 


(45°,- 


-45°) 












1.5 ±0.6 


1.0 ±0.6 










(60°,- 


-45°) 




0.7 ±0.5 


1.7 ±0.8 


1.7 ±0.7 


1.5 ±0.7 


0.6 ±0.3 


0.4 ± 0.4 


0.4 ±0.2 


0.7 ±0.3 


0.5 ±0.3 


0.2 ±0.2 


(75°,- 


-45°) 












1.1 ±0.5 


0.7 ±0.5 










(90°,- 


-45°) 




1.4 ±0.6 


2.8 ±0.8 


1.0 ±0.4 


2.1 ±0.7 


1.5 ±0.4 


0.8 ±0.4 


0.7 ±0.2 


0.2 ±0.2 


0.4 ±0.2 


0.4 ±0.2 


(120°, 


-45°) 






1.6 ±0.6 


1.5 ±0.5 


1.3 ±0.5 


1.0 ±0.3 


0.7 ±0.3 


0.8 ±0.3 




0.5 ±0.3 


0.5 ±0.3 


(150°, 


-45°) 












0.6 ±0.3 


0.8 ±0.4 


0.3 ±0.1 




0.1 ±0.1 


< 0.28 



Table 4 



Fitting parameters in the function (4). 



C 


u (MeV) 


A) (nb MeV^sr- 1 ) 


Ctl 


02 


a 3 


CJ4 


h 


b 2 




&4 


X 2 /NDF 










Region 1; 2 < E m 


< 8 MeV 












26° 


27.2-28.4 


3.5 ±0.3 


1.5 ±0.1 


1.1 ± 0.2 


0.5 ± 0.1 




0.4 ±0.1 


0.53 ±0.07 


0.30 ± 0.04 




0.84 


26° 


28.4-29.5 


2.9 ±0.2 


1.6 ±0.1 


1.1 ± 0.1 


0.4 ± 0.1 




0.2 ±0.1 


0.31 ±0.07 


0.18 ±0.04 




3.37 


26° 


29.5-30.6 


2.5 ±0.2 


1.5 ±0.2 


1.0 ±0.2 


0.1 ±0.1 




0.45 ± 0.07 


0.68 ±0.07 


0.36 ± 0.07 


0.14 ±0.04 


3.98 


26° 


30.6-31.8 


2.0 ±0.2 


1.7 ±0.1 


1.4 ±0.1 


1.1 ±0.1 


0.32 ±0.09 


0.12 ±0.08 


0.38 ±0.07 


0.17 ±0.03 




1.46 


26° 


31.8-32.9 


1.8 ±0.2 


1.7 ±0.2 


1.1 ±0.2 


0.3 ±0.1 




0.2 ±0.1 


0.32 ± 0.09 


0.27 ±0.08 


0.05 ± 0.04 


0.95 


^26° 
i — 1 


31.7-35.0 


1.73 ±0.08 


1.30 ±0.06 


1.05 ±0.09 


1.10 ±0.09 


0.44 ± 0.09 


0.26 ±0.05 


0.35 ± 0.04 


0.30 ± 0.02 


0.16 ±0.02 


1.23 


26° 


35.0-37.2 


1.31 ±0.08 


1.37 ±0.08 


1.2 ±0.1 


1.2 ±0.1 


0.5 ±0.1 


0.42 ±0.07 


0.24 ± 0.05 


0.35 ± 0.04 


0.23 ±0.03 


2.31 


26° 


36.6-41.5 


0.57 ±0.05 


0.9 ±0.1 


0.6 ±0.2 


1.0 ±0.2 


0.9 ±0.2 


0.05 ±0.1 


0.03 ± 0.06 


-0.03 ± 0.06 




5.02 


42° 


34.0-36.6 


0.52 ±0.07 


1.6 ±0.3 


1.1 ±0.3 


0.3 ±0.2 




0.4 ±0.1 


0.4 ±0.1 


0.27 ±0.08 




6.56 


42° 


36.6-39.1 


0.34 ±0.05 


2.0 ±0.4 


2.1 ±0.3 


1.6 ±0.4 


0.6 ±0.2 


0.1 ±0.1 


0.3 ±0.1 


0.13 ±0.07 




2.86 










Region 2; 8 < E m 


< 20 MeV 












26° 


27.2-28.4 


4.3 ±0.2 


0.9 ±0.1 


0.9 ±0.1 


0.1 ±0.1 




0.02 ±0.08 


0.20 ±0.07 


0.15 ±0.06 




2.23 


26° 


28.4-29.5 


4.2 ±0.2 


0.9 ±0.1 


0.5 ±0.1 


0.3 ±0.1 




-0.10 ±0.08 


0.19 ±0.06 


0.22 ±0.07 




0.24 


26° 


29.5-30.6 


3.9 ±0.3 


1.2 ±0.1 


0.6 ±0.1 


0.3 ±0.1 


0.4 ±0.2 


-0.07 ±0.08 


0.15 ±0.05 


0.22 ±0.05 




2.83 


26° 


30.6-31.8 


3.1 ±0.2 


0.9 ±0.2 


1.1 ±0.1 


0.2 ±0.2 


-0.5 ±0.2 


0.01 ±0.08 


0.25 ±0.07 


0.02 ± 0.06 




1.53 



Table 4 — continued 

9 e uj (MeV) Aq (nb MeV _1 sr _1 ) a\ a>2 CJ3 04 h b 2 63 b 4 X 2 /NDF 

Region 2; 8 < E m < 20 MeV - continued. 

26° 31.8-32.9 3.0 ± 0.3 1.1 ±0.1 0.6 ± 0.2 -0.1 ±0.1 - 0.1 ±0.1 0.33 ± 0.08 0.24 ± 0.07 - 0.40 

26° 31.7-35.0 2.0 ±0.1 1.09 ±0.08 0.8 ±0.1 0.8 ±0.1 0.4 ±0.1 -0.17 ±0.07 0.27 ±0.05 0.16 ±0.04 - 2.42 

26° 35.0-37.2 1.9 ±0.1 0.8 ±0.1 0.9 ±0.1 0.6 ±0.1 - -0.12 ±0.07 0.27 ±0.06 0.10 ±0.05 - 1.55 

26° 36.6-41.5 1.32 ±0.07 0.82 ± 0.08 0.2 ±0.1 0.2 ±0.1 0.4 ±0.1 0.19 ±0.06 0.32 ± 0.04 0.12 ±0.03 - 2.82 

42° 34.0-36.6 0.82 ± 0.09 1.1 ±0.2 0.8 ± 0.2 0.4 ± 0.2 - 0.2 ±0.1 0.4 ±0.1 0.08 ± 0.07 - 1.54 

42° 36.6-39.1 0.65 ± 0.06 1.4 ±0.2 1.1 ±0.2 0.6 ± 0.2 - 0.2 ±0.1 0.0 ±0.1 0.09 ± 0.07 0.1 ±0.06 0.53 

° Region 3; 20 < E m < 23 MeV 

26° 29.5-30.6 2.3 ± 0.2 1.2 ±0.1 0.7 ±0.2 0.6 ± 0.2 0.4 ±0.2 -0.01 ± 0.08 0.25 ± 0.08 0.24 ± 0.06 - 0.42 

26° 30.6-31.8 2.2 ±0.2 1.3 ±0.1 1.6 ±0.1 0.8 ±0.1 - 0.06 ± 0.07 0.42 ± 0.07 0.19 ±0.05 0.18 ±0.03 1.28 

26° 31.8-32.9 2.2 ± 0.2 1.1 ±0.2 0.8 ± 0.2 0.2 ± 0.2 - 0.2 ±0.1 0.31 ± 0.09 0.3 ±0.1 - 0.46 

26° 31.7-35.0 1.62 ±0.09 1.41 ±0.08 1.23 ± 0.08 1.06 ±0.08 0.41 ± 0.05 0.20 ±0.04 0.47 ± 0.04 0.40 ± 0.03 0.19 ±0.02 5.06 

26° 35.0-37.2 1.4 ±0.1 1.4 ±0.1 1.5 ±0.1 1.2 ±0.2 0.7 ±0.2 0.21 ± 0.09 0.37 ± 0.06 0.30 ± 0.05 0.14 ±0.05 2.46 

26° 36.6-41.5 1.02 ± 0.06 1.05 ±0.09 1.00 ± 0.08 0.6 ±0.1 - 0.24 ±0.07 0.39 ± 0.06 0.29 ± 0.04 - 2.98 

42° 34.0-36.6 0.71 ± 0.06 1.3 ±0.2 1.6 ±0.2 1.3 ±0.1 - -0.01 ± 0.08 0.22 ± 0.09 0.11 ±0.05 - 5.84 

42° 36.6-39.1 0.58 ± 0.07 1.8 ±0.2 1.8 ±0.3 1.7 ±0.3 1.0 ±0.3 0.0 ±0.1 0.3 ±0.1 0.20 ± 0.07 4.86 



Table 5 

Parameters of harmonic oscillator wave functions used for the calculation. 





relative strength 






Is 


IP 


b (fm) 


2 < E m < 8 MeV 


0.3 


0.25 


2.03 


8 < E m < 9.7 MeV 


0.18 


0.13 


2.03 


9.7 < E m < 20 MeV 


0.19 


0.0 


1.5 


20 < E m < 23 MeV 


0.35 


0.03 


2.03 



For every final state, triple differential cross sections are large at small angles 
of 9 P , the proton angle with respect to the momentum transfer. This charac- 
teristic is observed over all the measured energy and momentum region. The 
angular distribution is different from that for heavier nuclei. In the cases of 12 C 
and 40 Ca, protons are strongly emitted to 6 P = 0° and 180°, which indicates 
that the excitation of the dipole states dominate the reaction mechanism. The 
observed angular distribution with a peak at forward angles indicates that the 
dipole excitation is not a dominant process, and higher multipoles contribute 
to the reaction. In the present statistics and the number of data points, most of 
data are well fitted within the fourth order of Legendre polynomials. However, 
for the E m region- 1 and 3, cross sections at the forward angle excess the Leg- 
endre curves at higher energies and momentum transfers. Higher multipoles 
than the quadrupole may contribute to the reaction. 

The cross sections decrease smoothly with u and the angular distributions 
show a forward peak. It implies that the direct proton knockout process domi- 
nates the 6 Li(e,e'p) reaction. Therefore, we compared the measured triple dif- 
ferential cross section with a distorted wave impulse approximation (DWIA) 
calculation which assumes a direct transition of a proton from the bound states 
to continuum states with distortion due to the interaction with the residual 
nucleus [18]. Ingredients of the calculation are then the bound state wave func- 
tion of a proton in 6 Li and the optical potential between the emitted proton 
and the residual nucleus. Although the 6 Li ground state wave function with a 
large shell-model space based on a microscopic cluster model [19] was used for 
a precise analysis of quasi-elastic 6 Li(e,e'p) data [11], we used a linear combi- 
nation of harmonic oscillator wave functions for Is and lp states to simplify 
the calculation. The strengths of these states were adjusted to reproduce the 
6 Li(e,e'p) cross sections in the quasi-elastic region [11]. Parameters of the wave 
functions used in the calculation are listed in Table 5. The size parameter of the 
harmonic oscillator b = 2.03 fm was taken from the value determined by elastic 
and inelastic electron scattering experiment on 6 Li [20]. Following the analysis 
of the quasi-elastic experiment [11], the E m region-2 was decomposed into two 
parts in the calculation (8 < E m < 9.7 MeV and 9.7 < E m < 20 MeV). In 
order to reproduce the quasi-elastic data for 9.7 < E m < 20 MeV, the b param- 
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Fig. 4. The 6 Li(e,e'p) cross section at e = 26°, integrated over proton emission 
angle, (a) for E m region 1, (b) for 2, and (c) for 3. The calculated total photo 
absorption cross section from Ref. [3] is shown in (d). 

eter was adjusted to 1.5 fm. Energy- dependent optical potential parameters 
were used in the calculation, which were determined from proton scattering 
in the energy range of 10-50 MeV for lp-shell nuclei [21]. 

The results of the DWIA calculation are compared with the experimental 
cross section in Fig. 5-7. For every E m region, the cross section obtained from 
the DWIA calculation exceeds the measured cross section. For the comparison, 
the DWIA results were multiplied by a common normalization factor obtained 
from the least \ 2 fitting of data for every E m region and measured energy and 
momentum transfer region. A normalization factor 0.50 was found to give an 
overall agreement of the DWIA result with the experimental data of both 
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Fig. 5. Angular distributions of the triple differential cross sections for the 6 Li(e,e'p) 
reactions for E m region-1 (2 < E m < 8 MeV). Solid curves show the result of the 
DWIA calculation multiplied by 0.50. The dashed curves show the fitting with the 
Legendre polynomials. 

the angular distribution and the oo dependence. Comparing with measured 
data of \q\ = 90 MeV/c at 6 C = 42° and 60-67 MeV/c at 6 C = 26°, the 
DWIA calculation also reproduced the | q\ -dependence of the cross section. 
For 8 P = 30° and 60°, larger cross sections were observed for P = —135° than 
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Fig. 6. Same as Fig. 5, but for E m region-2 (8 < E m < 20 MeV). 



for P = —45° (Fig. 5-7). As explained in the previous section, this difference 
is due to the contribution of the longitudinal-transverse interference term, a^ T . 
The DWIA calculation also reproduced the o"lt contributions. 
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Fig. 7. Same as Fig. 5, but for E m region-3 (20 < E m < 23 MeV). 
5 Conclusion 

The 6 Li(e,e'p) reaction cross sections have been measured at (8 C = 26°, 27.2 < 
uj < 46.4 MeV, | q |=60-67 MeV) and (0 C = 42°, 34.0 < uj < 39.1 MeV, 
| q |=90 MeV), and were separated into three E m regions corresponding to 
different final states: (1) residual 5 He in 3/2~ ground state, (2) three-body 
breakup into a + n + p, and (3) residual 5 He in 3/2 + , 16.7 MeV state. Although 
dipole states which decay into 3/2 + state were predicted around 30 MeV [3], 
the double differential cross section decreases smoothly with uj, and no distinct 
peak of the expected GDR is observed for every final state. This smooth in- 
dependence is similar to photoreaction results for E y < 30 MeV except that of 
Denisov et al. [5]. Angular distributions of triple differential cross sections have 
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a peak at the direction of momentum transfer. This common characteristic is 
observed in the entire region of the measured energy and momentum transfer, 
in contrast with the results of other (e,e'p) reactions on 12 C and 40 Ca where the 
GDR is clearly observed. On the other hand, the DWIA calculation reproduces 
well the experimental data with only one normalization factor. This agreement 
indicates that the direct process dominates the 6 Li(e,e'p) reactions in this 
energy and momentum transfer region. 

In order to study the (e,e'p) reaction mechanism more precisely, further cal- 
culations with a microscopic cluster model [19] for the 6 Li ground state wave 
function might be needed. 
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